Abstract. We evaluated 138 elderly patients (mean age 79 years) within 2 weeks after hip fracture (67 cervical and 71 trochanteric) using an Achilles ultrasound bone densitometer (Lunar Corporation, Madison, WI). The ultrasound variables of speed of sound (SOS in m/second), broadband ultrasound attenuation (BUA in dBIMHz), and stiffness (%) index were measured on the os caicis. Ultrasound densitometry also was done on 563 normal postmenopausal women to assess normal age changes. An elderly subgroup (n = 138) served as age-matched controls for the hip fracture group. Further subgroups of 33 patients and 33 controls were compared for lumbar spine and femoral neck BMD. There were no statistically significant differences between the hip fracture group and age-matched controls in height and weight, but each ultrasound variable was significantly lower for the hip fracture group (P < 0.0001). For the hip fracture group, SOS was 1470 ± 19 m/second, BUA was 84.3 ± 8.4 dBIMHz, and the stiffness index was 47.8 ± 9.2%, whereas for the age-matched controls, SOS was 1486 ± 27 m/second, BUA was 94.0 ± 11.4 dBIMHz, and the stiffness index was 59.1 ± 12.5%. There were no significant differences between cervical and trochanteric hip fracture groups. Logistic regression analysis showed that a change of the ultrasound values by 1 standard deviation (SD) changed the odds ratio for SOS, BUA, and stiffness index by 2.51, 3.24, and 3.60, respectively. Ultrasound variables, particularly stiffness, were good indicators of hip fracture risk.
bilitation, chronic nursing home care, reducing life expectancy, and soaring costs of medical treatment.
Noninvasive measurement of bone mineral density (BMD in g/cm2) at both the spine and proximal femur has become widely available with the dissemination of dualenergy X-ray absorptiometry (DXA). The relation between osteoporotic fracture and BMD also has become apparent. Large-scale studies [3] [4] [5] have shown that decreasing BMD at any site by 1 SD almost doubles the risk of fractures in general; the risk for hip fracture increases 2.5-3.0-fold for each 1 SD decrease of femoral BMD. The difference between hip fracture cases and age-matched controls in femoral BMD is 10-15% or I SD [3, 4, [6] [7] . The os caicis, which is 95% trabecular bone, provides lesser discrimination, but it is still superior to the spine or the radius in relation to prediction of hip fracture [3, 4] . In addition to low BMD, other risk factors predisposing to hip fracture include history of a fall, previous fractures, poor bone quality, and geometric factors [8, 9] .
In the past 10 years, ultrasound bone densitometry has been introduced to evaluate skeletal status [10] [11] [12] . Several studies have shown that ultrasound measurements correlate only moderately with BMD [13] [14] [15] [16] ; however, ultrasound is influenced by bone structure [17] [18] [19] [20] , even though it is difficult to show a direct correlation to histomorphometry [21] . The modest correlation with BMD probably explains why ultrasound does not discriminate osteopenia with accuracy [14, 22] . However, the aim of ultrasound measurement is prediction of fracture risk, not osteopenia; ultrasound densitometry has been shown to predict risk of both spine and hip fractures. Over the past 5 years, many studies have shown that ultrasound can differentiate groups with vertebral fracture from controls [23] [24] [25] [26] [27] . Our own study in Japanese women [23] showed that the Z-score for ultrasound was comparable to that for spine BMD (about -2 for vertebral fracture versus age-matched controls). Several years ago, researchers showed that broadband ultrasound attenuation (BUA) was particularly reduced in hip fracture patients [28, 29] , a fact that has recently been confirmed [30] . It is now clear that SOS and stiffness are also reduced in hip fracture patients [31] [32] [33] . In fact, ultrasound of the os calcis provides an indication of hip fracture risk that is equal to that provided by femoral BMD, and superior to that provided by BMD of the spine or peripheral sites [30] [31] [32] [33] . In part, this may be because ultrasound on the os calcis correlates highly with strength of the femur [34] . We examined ultrasound densitometry in Japanese patients with hip fracture to confirm that the discrimination observed in white populations also holds for Japanese women.
Materials and Methods

Subjects
We measured 138 patients (average age 78.7 ± 9.1 years) within 2 weeks of hip fracture using the Achilles ultrasound bone densitometer (Lunar Corporation, Madison, WI, USA) on the contralateral heel. Patients were excluded from the study if the fracture was (1) due to high-energy external trauma such as a traffic accident or a fall from a great height, (2) associated with hemiparalysis, or (3) involved a history of a disease known to influence bone metabolism (such as hyperthyroidism, renal disease, collagen disease, or ovarian tumor). All hip fracture patients had been ambulatory and capable of engaging in normal daily activity prior to the acute event. Patients were classified as having either cervical or trochanteric hip fracture based on an orthopedic surgeon's assessment of the hip radiograph taken at the time of hospital admission. Of the entire patient group, 67 subjects (average age 79.3 ± 9.1 years) had cervical hip fracture and 71 (average age 78.0 ± 9.8 years) had trochanteric hip fracture. A densitometry subgroup of 33 patients also had DXA measurements (Hologic QDR 1000W, Waltham, MA) of BMD at the lumbar spine and proximal femur; the average age of this subgroup was 78.0 ± 6.7 years. Ultrasound values of right heel were measured in 563 postmenopausal women (average age 67.9 ± 10.7 years) who served as controls. Only subjects who had no history of disease known to influence bone metabolism (such as hyperthyroidism, renal disease, or ovarian tumor) and subjects who were not taking any drug known to influence bone metabolism were included in the controls. The data were compared with those of the hip fracture group for each decade of life. A subgroup of 138 age-matched women (average 78.1 ± 8.7 years) were randomly drawn from the control subjects in order to compare them with the hip fracture group. A densitometry subgroups of controls (n = 33), matched to the fracture subgroup, had DXA measurements of the lumbar spine and proximal femur. The average age of this subgroup was 75.5 ± 5 years.
A group of 10 patients with hip fracture (average age 84.8 ± 5.6 years) had ultrasound variables measured on both heels at 1,2, and 4 weeks after fracture in order to demonstrate the change in ultrasound values with time for both the fracture side and the contralateral side. In 30 subjects without fracture (average age 70.1 ± 3.9 years), ultrasound values of both heels were measured in order to investigate side differences.
Instrumentation
The Achilles measurements were carried out according to the manufacturer's recommended procedure, as detailed in the Operator's Manual. The Achilles ultrasound densitometer simultaneously measures speed of sound (SOS in m1second) and BUA in dBIMHz. SOS is determined by Young's modulus and the density 100 100 100 91.4 ± 3.7
97.4 ± 4.4 90.7 ± 6.5 93.3 ± 6.3 100.0 ± 9.7 94.0 ± 9.1 of the medium through which the ultrasound waves propagate. To calculate the BUA, a discrete Fourier transform is applied to the ultrasound spectrum over a frequency band from 200 to 600 kHz. The data thus obtained is subjected to linear regression analysis, and the slope of amplitude versus frequency through bone and water provides the BUA. BUA and SOS are not normalized for heel width, as this optimizes the precision of the method without compromising sensitivity [35] [36] [37] [38] .
The Achilles provides a stiffness index by combining BUA and SOS [stiffness = (0.67 x BUA) + (0.28 x SOS) -420]. This index, which differs from biomechanical stiffness, is expressed as a percentage relative to the normal value for the US young adult population. Our previous research in 1032 healthy women age 20-79 years showed the stiffness index correlated moderately with spine BMD and femur neck BMD (r = 0.80 and 0.77, respectively) [23] .
The precision in vivo of SOS, BUA, and stiffness index in our laboratory has been shown to be 0.3%, 1.0%, and 0.6%, respectively [23] . These errors are many times lower than errors with non-waterbath "contact" systems [25, 37] . The errors for BUA and stiffness were somewhat lower than those usual with this instrument, but the error for SOS was typical [9, 24, 31-33, 39, 40] . The precision of spine and femur neck BMD were 0.9% and 1.5%, respectively.
Statistical Analysis
All comparisons were done using Student's t-test. Changes that occurred with the passage of time following the acute fracture were investigated using one-way analysis of variance (ANOV A) followed by the Dunnet test. The right and left side differences were examined using the paired t-test. Differences in mean values were considered statistically significant for P < 0.05. Group differences were expressed as Z-scores as well as percentages; the Z-score is the difference of patients and controls divided by the standard deviation (SO) in the control group. The degree of correlation between variables was determined by means of linear regression analysis. Logistic regression analysis (SAS Institute) was employed in order to investigation the relationship between reduced ultrasound values and risk for hip fracture. The logistic regression models were performed using the subgroup of agematched women (n = 138).
Results
Ultrasound values measured over 4 weeks in 10 hip fracture patients demonstrated no statistically significant differences compared with those measured one week after fracture (Table 1 ). There was a tendency for BUA, and hence stiffness, to decrease on the fractured side, but in this small sample, statistical significance was not achieved.
Investigation of laterality in 30 control subjects showed no significant differences between the right and left side ( Table 2 ). The coefficients of determination (r2) were 0.86 for SOS, 0.60 for BUA, and 0.81 for stiffness index.
The ultrasound values in hip fracture patients demonstrated significant negative correlations with age (SOS: r = Data were presented as mean ± SD a P < 0.001 versus control group b P < 0.01 versus control group c P < 0.05 versus control group -0.38; BUA: r = -0.48; stiffness index: r = -0.52, P < 0.001). Similar findings were observed for the group of 563 controls (SOS: r = -0.50; BUA: r = -0.53; stiffness index: r = -0.61, P < 0.001). In the hip fracture patients, SOS, BUA, and stiffness showed a statistically significant decline with age (Table 3 , Fig. 1 ), but the decline was half the magnitude of that in controls. There were no statistically significant differences between hip fracture and control groups in height and weight (Table 4) , but each ultrasound variable was significantly lower (P < 0.01) for the hip fracture group. The sensitivity as measured by Z-scores was provided by the stiffness index and BUA better than SOS (Table 4) . Femur BMD was significantly lower in the densitometry subgroup of fracture patients than in matched controls, but spine BMD was identical in both subgroups (Table 4) . Logistic regression analysis showed that a change of the ultrasound values by 1 SD changed the odds ratio for SOS, BUA, and stiffness index by 2.51 (95% CI: 1.78-3.54), 3.24 (95% CI: 2.29-4.60), 3.60 (95% CI: 2.48-5.22), respectively.
The hip fracture cases were divided into a cervical and a trochanteric subgroups which were then compared (Table  5 ). There were no statistically significant differences between the two groups.
Discussion
Aging is associated with an increase in both bone loss and bone fragility. The absolute aging decrease per year we observed for ultrasound variables in normal Japanese women (1.5 rnIsecond for SOS, 0.5 dBIMHz for BUA, and 0.7% for stiffness index) was almost identical to that reported for normal European populations [15, 40] Fracture risk increases rapidly below a certain low level which reflects a threshold phenomenon for fracture, usually the 90th centile of osteoporotics [41] . The 90th centile of stiffness index for hip fracture patients was 61 %, which is 10% lower than the level shown in studies on white women [31] [32] [33] . This is close to the mean stiffness value for 70-year-old Japanese women; it is also 2.5 SD below that for young normal (91 ± 12% in Japanese women [23] ), which corresponds to the latest WHO definition of "osteoporosis" [1] . An ultrasound fracture "threshold" at the 90th centile may provide inadequate specificity, just as similar BMD thresholds lack specificity. On the other hand, the 65th centile recommended by Mazess [41] occurs at a stiffness index of 51 %, which may be overly specific.
Numerous groups have reported that BMD is lower in hip fracture cases than in controls [3] [4] [5] [6] [7] , and both os calcis BMD and femur BMD are particularly predictive. Our study, like others, showed that femoral BMD of patients was about 1 SD below that of controls, but spine BMD did not differ. Similarly, our finding of lower ultrasound values for Japanese hip fracture women confirms studies in white women [27] [28] [29] [30] [31] [32] [33] . Our study differed from most others, excepting that of Schott et al. [31] in that measurements were made within 2 weeks of fracture. Within this time period, we did not detect a significant decrease of ultrasound values in the contralateral heel, but there was a suggestion of decreased values on the fracture side.
Recent studies have shown that ultrasound contributes to prediction of both spine and hip fracture independently of BMD. Stewart et al. [27] showed that BUA alone was equal or superior to femur neck BMD in relation to hip fracture;
1540. --------------------------------- Fracture   120~-------------------------------- Schott et al. [31] showed the same for SOS, BVA, and stiffness index. Turner et al. [32] and Mautalen et al. [33] have reported similar findings. However, os calcis BMD shows a relative risk of only -2 per 1 SD change, whereas several studies now show an odds ratio of 2.5 to 3.0 for ultrasound variables. We found that the odds ratio for stiffness was 3.6 for a 1 SD change, but we were not able to ascertain if this was independent of, or incremental to, femoral BMD because densitometry was performed in only small subgroups. Several studies have shown that trochanteric BMD is particularly diagnostic for trochanteric fracture, whereas femoral neck BMD is more diagnostic for cervical fractures [7] . Schott et al. did not see a difference of BMD between the two fracture types, but did see a difference in ultrasound variables. In contrast, we observed no differences in ultrasound variables.
It is unclear if BVA or SOS is a better indicator of bone structure based on anatomical studies [17] [18] [19] [20] [21] . In our sample of postmenopausal women, BVA and SOS corre- lated only modestly (r = 0.42), and there was a similar correlation in hip fracture patients (r = 0.39). These low correlations suggest that BUA and SOS contribute independently. The stiffness index may be one way of usefully combining these variables. Our study showed that BUA was superior to SOS; the combination of BUA and SOS as stiffness gave also significantly better results than SOS alone in terms of Z-score. The study by Schott et ai., which included only 43 fracture cases and 86 controls, did not demonstrate such differences. Our study, along with several others in the past few years, suggests that ultrasound of the os calcis is a strong predictor of hip fracture risk. This remains to be demonstrated in prospective trials. However, the ease of using ultrasound, freedom from degenerative changes, lack of radiation, low precision error, and its potential for use at the menopause [42] make it attractive for clinical management.
